N eovascular age-related macular degeneration (nAMD) causes blindness as a result of the development of choroidal neovascularization (CNV). CNV is followed by the development of retinal fibrosis at the end stage of nAMD. 1 Treatments for nAMD include vascular endothelial growth factor (VEGF)-targeted therapy, photodynamic therapy, and laser photocoagulation. 2 Although anti-VEGF therapy has been found to improve or maintain visual function in individuals with nAMD, it is sometimes followed by the development of subretinal fibrosis. 3 Subretinal fibrosis destroys retinal-choroidal structure and thereby adversely affects visual outcome. 1 The development of subretinal fibrosis subsequent to CNV is associated with multiple biological processes including infiltration of inflammatory cells, epithelial-mesenchymal transition (EMT) of retinal pigment epithelial (RPE) cells, and overproduction or precipitation of extracellular matrix (ECM). 1, 4 EMT is characterized by the loss of epithelial characteristics and the gain of migratory or invasive abilities accompanied by upregulation of ECM synthesis. 5, 6 Formation of focal adhesions plays an important role in cell migration, and the activation of paxillin (a focal adhesion protein) contributes to both cell migration and EMT. 7 EMT is also characterized by the expression of a-smooth muscle actin (a-SMA), the ECM proteins collagen type I (COL1) and fibronectin, and connective tissue growth factor (CTGF). [8] [9] [10] Matrix metalloproteinases (MMPs)-including MMP-2 and MMP-9-contribute to EMT, 6, 11 and transforming growth factor-beta (TGF-b), a multifunctional cytokine, induces this process. 10, 12, 13 EMT of RPE cells contributes to the development of fibrosis associated with retinal diseases (e.g., proliferative vitreoretinopathy, proliferative diabetic retinopathy, and uveitis) in addition to that associated with nAMD. 2, [14] [15] [16] MRTF-A and MRTF-B are transcriptional regulators that appear to be ubiquitously expressed 17 and activated in association with various biological processes, such as inflammation, cell proliferation, and the response to stress. 18 These factors form a complex with monomeric G-actin via an RPEL motif and localize to the cytoplasm of cells under basal conditions. 19 Activation of these factors is mediated by their translocation to the nucleus, where they induce the expression of target genes related to cell proliferation, cell contraction, or EMT. 19 Activation of MRTF-A is inhibited by the pharmacological agent CCG-1423, which binds specifically to the nuclear localization sequence (NLS) of MRTF-A and thereby prevents its nuclear import. [20] [21] [22] CCG-1423 was shown to suppress fibrosis at filtration blebs in a rabbit model of glaucoma filtration surgery. 23 We have now examined the effects of CCG-1423 on EMT of human RPE cells as well as on the development of subretinal fibrosis in vivo in a mouse model. The area covered by migrating cells was determined 24 hours after wounding. (C) Cells were exposed to 10 lM BrdU in DMEM/D6429 in the absence or presence of 0.3% FBS or 1 lM CCG-1423 for 1 hour, after which they were fixed and subjected to immunofluorescence analysis of BrdU. Nuclei were also stained with DAPI. The percentage of the number of BrdU positive cells. Data are means 6 SEM (n ¼ 4 independent experiments). **P < 0.01; NS, not significant (Dunnett's test).
METHODS Materials
hours before exposure for 30 minutes to CCG-1423 (0 to 3 lM) in DMEM/D6429 supplemented with 0.3% FBS. The cell monolayer was then scratched with a thin rubber tip to inflict a wound~1 mm in width. The wound was examined immediately and 24 hours after injury with a BZ-X710 fluorescence microscope (Keyence Corp., Osaka, Japan), and the wound area was measured in captured images with the use of ImageJ software version 1.50i (NIH, Bethesda, MD, USA).
Cell Proliferation Assay
RPE-1 cells seeded in 24-well plates (3 3 10 4 cells per well) were cultured for 24 hours and then deprived of serum for 24 hours before exposure to 10 lM BrdU in DMEM/D6429 with or without 0.3% FBS or 1 lM CCG-1423 for 1 hour. The cells were fixed with 4% paraformaldehyde, exposed to 2 M HCl for 30 minutes at 378C, neutralized with 0.1 M sodium borate, washed with phosphate-buffered saline (PBS), and exposed to 3% BSA in PBS before incubation overnight at 48C with antibodies to BrdU (1:100 dilution in PBS). They were then washed with PBS, incubated for 1 hour at room temperature with Alexa Fluor 488-conjugated secondary antibodies (1:200 dilution in PBS), washed again, and stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) before examination with a BZ-X710 fluorescence microscope (Keyence).
Immunocytofluorescence Analysis
Cells grown on 12-mm cover glasses in 24-well plates for 48 hours were deprived of serum for 24 hours and then cultured for 24 hours in serum-free DMEM/D6429 with or without TGFb2 (10 ng/mL) and with either 1 lM CCG-1423 or 0.03% dimethyl sulfoxide vehicle. The cells were then fixed for 15 minutes at 48C with 4% paraformaldehyde in PBS, exposed to 0.1% octylphenol ethoxylate for 5 minutes at room temperature, washed twice with PBS, and incubated overnight at 48C with antibodies to MRTF-A (1:100 dilution) and to a-SMA (1:200 dilution) in PBS containing 1% BSA. The cells were then washed with PBS, incubated for 1 hour at room temperature with Alexa Fluor 488-or Alexa Fluor 568-conjugated secondary antibodies (1:200 dilution) in PBS containing 1% BSA, and then mounted in antifade reagents containing DAPI. The cells were examined with a BZ-X710 fluorescence microscope.
Immunoblot Analysis
Cells plated at a density of 3 3 10 5 per 60-mm culture dish were lysed in a solution containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM MgCl 2 , 100 mM NaF, 1% Nonidet P-40, 0.1 mM Na 3 VO 4 , 1 mM EDTA, 1 mM EGTA, 0.25% sodium dodecyl sulfate (SDS), 0.25% sodium deoxycholate, and a protease inhibitor cocktail. In the extraction of nuclear fractions, cells Immunofluorescence analysis of the effects of TGF-b2 and CCG-1423 on MRTF-A localization in RPE-1 cells. Cells were deprived of serum for 24 hours and then incubated in the absence or presence of TGF-b2 (10 ng/mL) or 1 lM CCG-1423 for 24 hours, after which they were fixed and subjected to immunofluorescence analysis of MRTF-A (A). Nuclei were also stained with DAPI. Scale bars: 20 lm. Immunoblot analysis of the effects of TGF-b2 and CCG-1423 on the nuclear abundance of MRTF-A in RPE-1 cells. Cells were deprived of serum for 24 hours and then incubated in the absence or presence of TGF-b2 (3 ng/mL) or 1 lM CCG-1423 for 24 hours, after which nuclear extracts (B) was prepared and subjected to immunoblot analysis with antibodies to MRTF-A and to lamin A/C (loading control) (B). The relative MRTF-A to lamin A/C ratio (C) was determined for immunoblots similar to those in (B). Quantitative data are means 6 SEM (n ¼ 3 independent experiments). **P < 0.01 (Dunnett's test).
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plated at a density of 3 3 10 5 per 60-mm culture dish were lysed with NE-PER Nuclear and Cytoplasmic Extraction Reagents. The lysates were fractionated by SDS-polyacrylamide gel electrophoresis on a 7.5% or 10% gel, and the separated proteins were transferred electrophoretically to a nitrocellulose membrane. Nonspecific sites of the membrane were blocked by exposure to 5% dried skim milk before incubation with primary antibodies and detection of immune complexes with horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence (ECL) reagents. The intensity of immunoreactive bands was measured with the use of NIH ImageJ software.
Gelatin Zymography
Lysates prepared from cells in 100-mm culture dishes were mixed with nonreducing SDS sample buffer (125 mM Tris-HCl [pH 6.8], 20% glycerol, 2% SDS, and 0.002% bromophenol blue), and portions (5 lL) of the resulting mixture were subjected to SDS-polyacrylamide gel electrophoresis in the dark at 48C on a 10% gel containing 0.1% gelatin. The gel was washed with 2.5% Triton X-100 for 1 hour before incubation for 18 hours at 378C in a reaction mixture containing 50 mM Tris-HCl (pH 7.5), 5 mM CaCl 2 , and 1% Triton X-100. Lastly, the gel was stained with Coomassie brilliant blue.
RT-qPCR Analysis
Total RNA was isolated from cells in 60-mm culture dishes with the use of an RNeasy Mini Kit and subjected to reverse transcription (RT) using ReverTra Ace qPCR RT Master Mix. The resulting cDNA was subjected to quantitative polymerase chain reaction (qPCR) analysis with SYBR Green reagents and a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The qPCR primers (forward and reverse, respectively) were 5 0 -GAATCCTGTGAAGCAGCTCCA-3 0 and 5 Immunofluorescence analysis of the effects of TGF-b2 and CCG-1423 on a-SMA expression in RPE-1 cells. Cells were deprived of serum for 24 hours and then incubated in the absence or presence of TGF-b2 (10 ng/mL) or 1 lM CCG-1423 for 24 hours, after which they were fixed and subjected to immunofluorescence analysis of a-SMA (A). Nuclei were also stained with DAPI. Scale bars: 20 lm. Immunoblot analysis of the effects of TGF-b2 and CCG-1423 on the expression of a-SMA in RPE-1 cells. Cells were deprived of serum for 24 hours and then incubated in the absence or presence of TGF-b2 (3 ng/mL) or 1 lM CCG-1423 for 24 hours, after which cell lysates (B) was prepared and subjected to immunoblot analysis with antibodies to a-SMA and to b-actin (loading control) (B). The relative a-SMA/b-actin ratio (C) were determined for immunoblots similar to those in (B). Quantitative data are means 6 SEM (n ¼ 4 independent experiments). *P < 0.05 (Dunnett's test).
-C C A C G T A G C T G T C T T T T T G T C C -3

Induction and Evaluation of CNV and Subretinal Fibrosis
Female C57BL/6J mice at 8 weeks of age were obtained from Japan SLC (Shizuoka, Japan). All animal experiments were approved by the animal ethics committee of Yamaguchi University Graduate School of Medicine and conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. A mouse model of CNV and subretinal fibrosis was generated as previously described. 1, 4 The retinas of each mouse were subjected to laser-induced photocoagulation (wavelength, 532 nm; time, 0.1 second; spot size, 75 lm; power, 200 mW), and PBS (1 lL) containing various concentrations of CCG-1423 was injected into the vitreous cavity immediately (for evaluation of CNV) or immediately and after 7 days (for evaluation of subretinal fibrosis). At 1 week (for evaluation of CNV) or 3 weeks (for evaluation of subretinal fibrosis) after photocoagulation, the animals were killed and their eyes were enucleated and fixed with 4% paraformaldehyde in PBS for 2 hours on ice. Choroidal flat-mount preparations were washed with PBS, exposed to 100% methanol at 48C for 20 minutes, and incubated first for 1 hour at room temperature with 5% dried skim milk in PBS and then for 24 hours at 48C with Alexa Fluor 488-conjugated isolectin GS-IB4 (for evaluation of CNV) or with antibodies to COL1 (for evaluation of subretinal fibrosis), each diluted 1:100 in PBS. COL1 immune complexes were detected by additional incubation for 90 minutes at room temperature with Alexa Fluor 568-conjugated secondary antibodies (1:1000 dilution). The preparations were finally washed with PBS, mounted with 50% glycerol in PBS, and examined with a BZ-X710 fluorescence microscope (Keyence). The area of CNV or subretinal fibrosis was measured with the use of NIH ImageJ software.
Statistical Analysis
Quantitative data are presented as means 6 SEM and were analyzed with Dunnett's multiple-comparison test. A P value of <0.05 was considered statistically significant.
RESULTS
Effect of MRTF-A Inhibition on RPE-1 Cell Migration
We first examined the effect of the MRTF-A signaling inhibitor CCG-1423 on the migration of cultured RPE-1 cells with the use of an in vitro scratch assay. Whereas control cells had largely covered the wound area by 24 hours after the injury, CCG-1423 inhibited migration of the cells into the wound in a concentration-dependent manner, with the effect becoming significant at 1 and 3 lM (Figs. 1A, 1B) . Effects of TGF-b2 and CCG-1423 on the expression of EMT-related genes in RPE-1 cells. Cells were deprived of serum for 24 hours and then incubated in the absence or presence of TGF-b2 (3 ng/mL) or 1 lM CCG-1423 for 24 hours, after which the relative abundance of a-SMA (ACTA2) (A), COL1 (COL1A1) (B), and CTGF (C) mRNAs was determined by RT-qPCR analysis. Data were normalized by the amount of GAPDH mRNA and are means 6 SEM (n ¼ 3 independent experiments). **P < 0.01 (Dunnett's test).
Effect of MRTF-A Inhibition on RPE-1 Cell Proliferation
We next examined the effect of inhibition of MRTF-A signaling on the proliferation of cultured RPE-1 cells by monitoring of BrdU incorporation. The percentages of BrdU incorporation were 0.93% to 1.32%. There was no significant differences among groups (Fig. 1C) .
Effects of TGF-b2 and CCG-1423 on the Subcellular Localization of MRTF-A and Expression of EMT Markers in RPE-1 Cells
We examined the subcellular distribution of MRTF-A and a-SMA in RPE-1 cells using immunofluorescence analysis. MRTF-A was localized predominantly to the cytoplasm of unstimulated cells ( Fig. 2A) . Stimulation of the cells with TGF-b2 (10 ng/mL) for 24 hours induced the translocation of MRTF-A to the nucleus, and this effect was inhibited by 1 lM CCG-1423 ( Fig. 2A) . Stimulation with TGF-b2 also induced marked up-regulation of the expression of a-SMA in the cytoplasm, indicative of the induction of EMT, and this effect was also attenuated by CCG-1423 (Fig. 3A) . These effects of TGF-b2 and CCG-1423 on the nuclear translocation of MRTF-A and the expression of a-SMA in RPE-1 cells were confirmed by immunoblot analysis (Figs. 2,  3) . We also examined the expression of genes for EMT-related proteins by RT-qPCR analysis. TGF-b2 increased the amounts of a-SMA (ACTA2), COL1 (COL1A1), and CTGF mRNAs in RPE-1 cells, and these effects were abolished in the presence of CCG-1423 (Fig. 4) .
Effects of TGF-b2 and CCG-1423 on Expression of Paxillin and Pro-MMP-2 in RPE-1 Cells
Immunoblot analysis revealed that TGF-b2 increased the abundance of the focal adhesion-associated protein paxillin in RPE-1 cells and that this effect was abolished by CCG-1423 (Fig. 5) . Similarly, gelatin zymography showed that TGF-b2 increased the amount of the pro-form of MMP-2 in these cells, and again this effect was prevented in the presence of CCG-1423 (Fig. 6) . The active form of MMP-2 was not detected in this assay. The relative paxillin/b-actin ratio was determined for immunoblots similar to that in (A). Data are means 6 SEM (n ¼ 3 independent experiments). *P < 0.05 (Dunnett's test).
Effects of CCG-1423 in a Mouse Model of CNV and Subretinal Fibrosis
Finally, we examined the effects of CCG-1423 on the development of CNV and subretinal fibrosis in a mouse model that mimics these pathological processes in patients with nAMD 4 and in which TGF-b2 signaling plays a key role. 25 Fluorescence microscopic analysis of choroidal flat-mount preparations stained with isolectin GS-IB4 showed that injection of CCG-1423 into the vitreous cavity immediately after photocoagulation had no significant effect on the development of CNV apparent at 7 days (Fig. 7) . In contrast, immunohistofluorescence analysis of choroidal flat-mount preparations with antibodies to COL1 showed that injection of CCG-1423 into the vitreous cavity immediately and 7 days after photocoagulation suppressed the development of subretinal fibrosis apparent at 21 days. This effect of CCG-1423 was concentration dependent and was significant when it was injected in a volume of 1 lL at concentrations of 60 or 200 lM (Fig. 8) .
DISCUSSION
We have shown here that the MRTF-A signaling inhibitor CCG-1423 suppressed the migratory activity of human RPE cells but had no effects on their proliferation activity. We examined cell migration assay and cell proliferation assay in the similar cultured condition in this study. However, the activity of MRTF-A is involved in proliferation of epithelial cells in a previous report. 26 At present, evaluation of the effects of RPE cells proliferation by CCG-1423 needs further study. Whereas MRTF-A was localized predominantly to the cytoplasm of RPE-1 cells under basal conditions, it underwent translocation to the nucleus in response to cell stimulation with TGF-b2. This translocation of MRTF-A was attenuated by CCG-1423. CCG-1423 also inhibited the TGF-b2-induced up-regulation of the EMT-related molecules a-SMA, COL1, and CTGF at the mRNA or protein levels. In addition, the expression of paxillin and pro-MMP-2 induced by TGF-b2 in RPE-1 cells was prevented by CCG-1423. Finally, CCG-1423 attenuated the development of subretinal fibrosis without affecting that of preceding CNV in a mouse model, suggesting that the antifibrotic action of CCG-1423 is direct. These results thus indicate that MRTF-A signaling may play an important role in the development of subretinal fibrosis associated with nAMD.
EMT, the transdifferentiation of epithelial cells into mesenchymal-like cells contributes to many biological processes, including development, wound healing, fibrosis, and cell migration. [27] [28] [29] EMT is triggered by various factors-including TGF-b, CTGF, epidermal growth factor, and fibroblast growth factor-2 13, [30] [31] [32] [33] -and increases the motility of individual cells, conferring an invasive phenotype. 34 We have now shown that CCG-1423 suppressed the motility of human RPE cells. RPE cells positive for EMT markers a-SMA and glial fibrillary acidic protein have been detected in retinal fibroblastic tissue of patients with nAMD. 35 We found that the TGF-b2-induced expression of a-SMA, COL1, and CTGF in RPE-1 cells was prevented by CCG-1423. CCG-1423 also attenuated the formation of subretinal fibrosis without affecting CNV in an in vivo model, suggesting that the inhibition of subretinal fibrosis by CCG-1423 is direct and not attributable to an inhibitory effect on CNV. Thus, our results indicate that CCG-1423 is highly effective at inhibiting both EMT in human RPE cells and the development of subretinal fibrosis, suggesting that it may attenuate the formation and contraction of subretinal fibrotic tissue associated with the late stage of nAMD.
TGF-b regulates the expression of focal adhesion proteins. 36 , 37 We previously showed that TGF-b2 increases the ratio of phosphorylated to total paxillin in RPE cells, and that the retinoic acid receptor-c (RAR-c) agonist R667 inhibits this effect. 4 In the present study, TGF-b2 increased the expression of paxillin in RPE-1 cells in a manner sensitive to inhibition by CCG-1423. Inhibition of cell adhesion mediated by focal adhesions might be related to the inhibitory effect of CCG-1423 on cell migration. Indeed, activation of MRTF-A has been shown to promote cell adhesion. 38 Tissue remodeling and deposition of ECM proteins are influenced by MMPs. 39 We previously showed that TGF-b2 increases MMP activity in RPE cells. 4 In the present study, we found that TGF-b2 increased the expression of pro-MMP-2 and that CCG-1423 inhibited this effect in RPE-1 cells. We also found that CCG-1423 blocked the TGF-b2-induced expression of COL1 and other EMT markers. These results suggest that MRTF-A may promote ECM production and degradation related to the formation of fibrous subretinal tissue in nAMD. We previously showed that the RAR-c agonist R667 as well as female sex hormones inhibit EMT in RPE cells induced by TGF-b2. 4, 40 The RAR-c agonist also suppressed subretinal fibrosis in our mouse model. 4 The estrogen 17b-estradiol increases MRTF-A expression in human breast cancer cells. 41 Moreover, MRTF-A serves as a downstream effector in retinoic acid-induced neural differentiation of bone marrow-derived mesenchymal stem cells. 42 We found that TGF-b2 induced the nuclear translocation of MRTF-A in RPE-1 cells and that this effect was inhibited by CCG-1423 in association with suppression of EMT. These various observations suggest that MRTF-A may interact with nuclear receptors in the control of EMT in RPE cells.
Local administration of an MRTF-A signaling inhibitor suppressed the development of fibrosis at the filtration bleb in an animal model of glaucoma surgery, to an extent similar as with mitomycin C. 23 In the present study, we found that intravitreal injection of the MRTF-A signaling inhibitor CCG-1423 also suppressed subretinal fibrosis in a mouse model. Our results suggest that CCG-1423 warrants further investigation as a potential drug for the treatment of fibrosis associated with late-stage nAMD and other proliferative retinal diseases.
